Efferent innervation of the inner ear is extensively studied but the whole model revealing the development of efferent synapses
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INTRODUCTION
The efferent innervation of the inner ear in vertebrates has been extensively studied (reviewed in 1) but still there is no complete and adequate model for its development. Despite the remarkable progress in our knowledge of the morphology, physiology and development of efferent neurons, their functional role remains enigmatic so far. At present, it is generally assumed that the efferent input exerts control over a number of functional aspects, i.e. acoustic range, sound localization, enhancement of nerve coding and a protection in acoustic trauma (2) (3) (4) (5) . The auditory apparatus of all vertebrates receives efferent innervation originating in the so-called hindbrain octavolateralis efferent system (6) . Similar to other sensory feedback systems, the efferent cochlear system receives information via ascending sensory fibers and sends projections to the cochlear nuclei and mechanosensory hair cells of the inner ear. The descending centrifugal pathway arises from neurons whose perikarya are located close to the brachial motor nuclei in the pons and medulla oblongata.
Studies on birds and mammals show that the efferent neurons of the inner ear share a common embryologic origin with the motoneurons of the facial nerve (7) . During development the efferent neurons of the inner ear acquire a phenotype differing from the one of the motoneurons and give rise to contralateral axonal projections (7, 8) . The peripheral projections of efferent neurons run parallel to the facial nerve fibers, join the vestibulocochlear nerve and make direct synaptic contacts upon the hair cells, or upon the dendrites of the ganglion cells right beneath the hair cells. The close apposition of the efferent neurons to the branchial motor nuclei in all vertebrates suggests that phylogenetically they derive from the motor column although they innervate neuroepithelium rather than muscles (9, 10) .
In mammals the cochlear efferent neurons are located between the rostral pole of the facial motor nucleus and the lateral lemniscus, and are divided into two separate systems, i.e. a lateral and a medial olivocochlear (OC) system (11) (12) (13) . The neurons of the lateral system are fusiform, small in size and contain acetylcholine (ACh) or γ-aminobutyric acid (GABA), either of them colocalized with calcitonin gene-related peptide (CGRP). They mainly project to the ipsilateral cochlea and make contacts with dendrites beneath the inner hair cells (IHCs), thus forming axodendritic synapses. According to their localization in the lateral OC system the neurons fall into two groups: intrinsic neurons, located in the superior olivary complex itself, and shell neurons which are found on its margins (14) . Most of the fibers are large non-varicose axons and only 15% of them have varicosities of the boutons en passant type (9) . The medial OC neurons are larger multipolar ones and produce ACh. They are primarily found in the rostral and ventral periolivary regions and project to the contralateral cochlea, making direct axosomatic synaptic contacts upon the outer hair cells (OHCs). Before leaving the brainstem both groups of efferent axons run across the internal genu of the facial nerve and join the vestibulocochlear nerve (7, 14) .
ACETYLCHOLINE IS THE MAIN NEUROTRANSMITTER OF THE COCHLEAR EFFERENT SYSTEM
Acetylcholine (ACh) is a major neurotransmitter in synaptic communication between the efferent OC axons and the cochlear hair cells within the mammalian inner ear. Evidence for this comes from histochemical studies on its degrading and synthesizing enzymes, acetylcholinesterase (AChE) and choline acetyltransferase (ChAT), respectively (15, 16) . In birds, ChAT immunoreactivity is found in two efferent cell populations, one located ventrolateral of the superior olivary complex and the other situated dorsomedially in the pontine reticular formation (17) . In addition, ChAT immunoreactivity is described in the ventral periolivary region and the lateral superior olivary complex in mammals. Recent data suggest that all cholinergic cells in the lateral part of the superior olivary complex belong to the population of lateral OC neurons and only the larger cholinergic cells in the ventral nucleus of the trapezoid body belong to the medial OC neurons. The smaller-sized cholinergic neurons in the ventral nucleus of the trapezoid body most probably send efferent projections to the cochlear nuclei (18, 19) . The efferent fibers in the avian inner ear do not express any other neurotransmitters or neuropeptides (16) . In mammals, however, in addition to ACh-containing neurons, some GABA-and dopamine (DA)-immunopositive efferent perikarya and terminals have been shown. GABA and glutamic acid decarboxylase (GAD) immunoreactivity is demonstrated in efferent fibers beneath the IHCs. Moreover, GABA and GAD immunoreactivity has also been found in terminals below the OHCs mostly in the cochlear apical areas with a sparse medial OC innervation (20, 21) . GABA and GAD immunoreactivity has not been reported in the periolivary regions where the medial OC neurons are located, although by using retrograde tract-tracing experiments combined with immunohistochemistry such immunostaining is clearly observed in the lateral superior olive (22) .
Efferent innervation of developing cochlea
Other neurochemical studies confirm the presence of several neuroactive substances including DA and the neuropeptides CGRP, enkephalin (ENK) and dynorphin (DYN). CGRP is usually colocalized with ACh in most motoneurons and so it can be assumed that it regulates the synthesis of ACh receptors. In some mammals, CGRP is colocalized with the cholinergic system in the lateral but not the medial OC neurons (19, (23) (24) (25) (26) . These neurotransmitters can further be functionally designated with respect to their effect on afferent dendrites. In particular, ACh, DYN and CGRP probably exert an excitatory effect, increasing depolarization of the hair cells and facilitating glutamate (GLU) release from the IHCs (27, 28) . On the other hand, DA, ENK and GABA are inhibitory and suppress the GLU release from the IHCs (29, 30) .
MECHANISM OF ACETYLCHOLINE ACTION
Acetylcholine is the main transmitter of the medial afferent fibers (3, 31) . It evokes hyperpolarization of the OHCs via an activation of calcium-dependent small conductance (SK) potassium channels (32) . The ACh receptor (AChR) is a ligandgated ion channel and a genetic homologue of nicotinic AChRs (nAChRs) in neurons and muscles.
In the organ of Corti the presynaptic depolarization induces an inhibitory hyperpolarization of the OHCs (33, 34) . It is known that nAChR is a heteromer, made up of two α9 and three α10 subunits. ACh binds to α9/α10 nAСhR and causes calcium influx, which in turn leads to opening of the SK calciumactivated potassium channels and induces hyperpolarization. The calcium influx into the cell triggers calcium-dependent events with a subsequent release of the intracellular calcium stores from the synaptic cisternae of the OHCs (35) . Similar to the sarcoplasmic reticulum in myocytes, the synaptic cisternae, structures thought to be homologous to the endoplasmic reticulum, cause calcium-induced calcium release (CICR), and as a result slow excitation turns into inhibition. The subsurface cisternae are seen inward of the postsynaptic membrane, at the level of the efferent contacts and are considered an invariable trait of the cholinergic synapses in hair cells.
Two major mechanisms for the release of calcium stores have been proposed: ryanodine receptor (RyR)-and inositol trisphosphate (IP3) receptor-mediated. Both receptor types are involved in the cholinergic mechanism of inhibition and depend on the Ca 2+ influx. In case of activated AChRs the Ca
2+
influx triggers the CICR system via RyRs in the membranes of the synaptic cisternae with a subsequent activation of the SK-Са 2+ gated K+ channels in the hair cell membranes (36) .
A third possibility for Ca 2+ release is suggested, namely via a direct interaction between the voltage-gated calcium channels (VGCCs) and the RyRs (37) .
ONSET OF THE EFFERENT TRANSMITTER EXPRESSION IN THE COCHLEA
Not all neurotransmitters and modulators established in the efferent OC neurons are expressed in the organ of Corti during the postnatal period. Immunohistochemical data confirm the presence of ACh (25, 38) , GABA (20, 28, 39) , CGRP (40, 41) and ENK (3) . Studies on ChAT, AChE, GABA and GAD immunoreactivity in the developing cochlea show that it is principally expressed prior to CGRP immunoreactivity and all these neuroactive substances are first localized in the area of IHCs before they are found below the ОHCs. In the developing rat cochlea, ChAT immunoreactivity is seen prenatally, GABA is observed on the first postnatal day (P1) and CGRP is demonstrated approximately four days after birth (P4) in the area of IHCs (42) (43) (44) (45) . In the OHC area in the rat, ChAT immunoreactivity appears about three days after birth (P3), GABA around P9 and GAD around P16 (42, 44, 45) . In the mouse cochlea, the cholinergic fibers are seen underneath the IHCs on embryonic day 19 (E19) while CGRP immunoreactivity is manifested at birth (P0) and GABA/GAD around P2 (46, 47) . Cholinergic fibers are evident about P4, CGRP on P6 and GABA/GAD on P10 under the OHCs in mice (47, 48) . In hamsters, ChAT immunopositive fibers are seen beneath the IHCs on P2, while they are evident beneath the OHCs after P6 (49, 50) . The authors also find that CGRP immunostained fibers are under IHCs on P7 and under OHCs on P12. Provided that the presence of CGRP and GABA/GAD characterize the lateral efferent system, then these findings support the assumption that it matures notably at a later stage (15, (23) (24) (25) (26) 49, 50) .
Since CGRP is usually localized in the cholinergic neurons of the lateral OC system, studies on the developing cochlea further support the notion that the lateral OC efferent fibers reach the cochlea much later than hitherto believed (51) . In the hamster, CGRP is expressed neither in the efferent perikarya nor in the efferent axons before the medial OC axons have accumulated below the IHCs (26) . It is generally accepted that throughout the nerve system the initial expression of CGRP is associated with the establishment of synaptic contacts. Nonetheless, the absence of CGRP expression does not by all means show a lack of cholinergic lateral OC axons. CGRP expression is a marker of the efferents in the lateral OC system and it is always colocalized with ACh. The presence of CGRP in the Ivanov, Doseva and Lazarov cochlea is not found prior to P7 and it proves a later arrival of the lateral efferent fibers there. The appearance of CGRP beneath the OHCs coincides with the establishment of efferent synaptic contacts. It is suggested that CGRP is involved in the formation and maintenance of ACh synapses as it is in the case of the neuromuscular junctions (52) .
NEUROGENESIS OF THE EFFERENT INNERVATION IN THE ORGAN OF CORTI
The molecular mechanisms directing the efferent axons to the inner ear are unknown. During the neuronal growth in the brainstem as well as for the period of the efferent synaptogenesis, various substances are transitionally expressed. These serve as markers for the events during development. Numerous studies demonstrate that the efferent OC neurons possess a multistage mode of growth and termination upon their cochlear targets (53) . The earliest molecular events studied so far are associated with homeоdomain transcription factors, Hox genes and Pax6 which are involved in the axial orientation, segmentation and planning of the rhombencephalon and the head. They control the positioning of the rhombomeres and otic placode, and also the interactions between the mesenchyme and epithelium in the otocyst, and probably determine the transformation of certain motoneurons into another specific phenotype (10) .
The GATA family of zinc finger transcription factors is involved in the differentiation of the efferent neurons in the inner ear (54) . In chickens, GATA-2 transitionally expresses during the translocation of the efferents across the median plane (55) . Misrouted and aberrant efferent axons are found both in heterozygous and GATA-3 null mutant mice, which shows that GATA-3 takes part in the efferent axon orientation (54, 56) . The first GATA-3lacZ positive efferent neurons are observed close to the inner genu of the facial nerve and the periolivary areas of the superior olivary complex (54) . Similar results are reported in mutant mice for neurogenin 1 (NGN1) which is a proneural basic helix-loop-helix gene protein important for the determination of sensory neurons (57) . The inner ear of mutant mice lacks sensory neurons and efferent innervation (58) . In the NGN1 mutants, the efferent axons of the inner ear do not reach the cochlea, or else part of them joins the facial nerve.
Ephrin molecules are involved in directing the efferent axons during the establishment of contralateral projections. The ephrins (Eph) are a family of membrane receptors that are implicated in the orientation and fasciculation of axons (59) . In birds, the EphA receptors are expressed in motoneurons of rhombomeres 4 and 5. They also most probably contain the efferent neurons of the inner ear (60) . Using EphB2 mutant mice, Cowan et al (61) demonstrate that the growth cones of the contralateral efferent axons do not find their way to the mid-sagittal plane. It seems that the absence of EphB receptors in the inner ear efferents causes a delay in the establishment of contralateral projections. In wild-type mouse embryos, an intense expression of EphB2 in the efferent axons and the facial motoneurons has been shown.
Synaptic formation is initiated by the expression of the growth-associated neuronal protein GAP-43 (neuromodulin, B-53, F11) and synaptophysin. GAP-43 immunoreactivity is observed in the growth cones and tips showing an axonal growth in the direction of their targets. In rats GAP-43 immunoreactivity is evident under the IHCs on E21 and persists until the second postnatal month (62, 63) . In the time period from Р5 to Р14, GAP-43 immunostaining is already seen also below the OHCs. In addition, synaptophysin-immunopositive fibers and terminals are observed under the IHCs on P1 and P3, and under the OHCs on P4 and P6 (42) . In the hamster cochlea, the obtained data are similar, i.e. during Р2-Р14 GAP-43 immunopositive fibers and terminals are registered under the IHCs, while between P5 and P14 they are found under the OHCs.
Synaptophysin is demonstrated after synaptic formation; it is associated with synaptic vesicles and is indicative for the synaptic function. The presence of synaptophysin proves the occurrence of vesicular synaptic endings and correlates with the arrival of contralateral OC terminals first under the IHCs and subsequently under the OHCs (52, (64) (65) (66) . Synaptophysin immunopositivity is observed in the IHCs on P5 and its intensity persists until P14 while in the OHCs the immunoreactivity increases after P9. The highest intensity of GAP-43 and synaptophysin immunoreactivity is observed between P5 and P9. This is the time period when a marked synaptic reorganization occurs and it is associated with the decrease in the efferent terminals under the IHCs and their increase under the ОHCs. The established expression of GAP-43 and synaptophysin is in accordance with proposals of Simmons et al. (67) about an early innervation of the medial OC efferents, contrary to the classic view on the initial lateral efferent innervation.
EFFERENT FIBER DIRECTING FACTORS
Two neurotrophins, the brain-derived neurotrophic factor (BDNF) and neurotrophin-3 (NT-3), and their tyrosine kinase receptors TrkB and TrkC respectively are important for the survival of cochlear afferent neurons. These neurotrophins Efferent innervation of developing cochlea direct the course of fibers to the organ of Corti (68) (69) (70) (71) (72) (73) (74) (75) (76) . It seems that the efferent fibers utilize the molecular signals that are characteristic of the afferent fibers as follows. Firstly, as reported in mice mutant for ligands or neurotrophin receptors, the efferent projections grow following the same ascending pathways as the afferent fibers (77) (78) (79) . Secondly, the efferent fibers cannot reach the organ of Corti without afferent innervation although functionally intact neurotrophins are present (80) . However, once having reached their synaptic targets around the hair cells, the efferent fibers start utilizing local molecular signals such as the extracellular glycoprotein tenascin-C, which plays a role for directing both the afferent and efferent fibers (81) .
The interactions between neurotransmitters and their receptors on the hair cells and afferent dendrites also contribute for the synaptic formation (24, 82, 83) . For instance, the appearance of the α9 nicotine receptor subunit in the hair cells coincides with the efferent innervation and most probably is influenced by the arrival of efferent fibers (24) . Additional data suggest, however, that the α9 expression reflects the maturation stage of the hair cells and is not influenced by efferent fibers (83).
At neurotrophic/neurotropic level, the BDNF-TrkB complex is proposed as candidates mediating the local efferent reorganization since the onset of their expression coincides with changes in the efferent innervation model (75, 84) . Other candidates for the efferent modulation in the organ of Corti are NT-3 and its TrkC receptor. NT-3 is found in the sustentacular cells of the organ of Corti, in the cells of the greater epithelial ridge and the Deiters' cells (85) . The interaction between TrkC on the efferent membranes and the NT-3-producing supporting cells could explain the attraction between developing efferents amongst the cells of the greater epithelial ridge and the Deiters' cells.
Although motoneurons depend on trophic factors, the efferents of the inner ear are relatively independent of neurotrophic signals (86) (87) (88) . In chickens and rats some neurotrophins, such as the nerve growth factor (NGF) and BDNF, are expressed at the time when the efferent axons reach the developing otocyst and commence the formation of projections to the target sensor organs (76, 89) . Data from studies in mice mutant for BDNF, NT-3 and their corresponding receptors TrkB and TrkC show a secondary effect on the efferent neurons (7, 85) . Available evidence suggests that the afferent fibers serve as a useful substrate directing the efferent axons to their sensory targets. The results of these studies indicate that the growth of the efferent axons closely follows the afferents on their way to target fields. The reported findings in the brainstem confirm that the efferent axons use the afferents as a platform for reaching their final targets (7, 58, 59) .
DEVELOPMENT OF EFFERENT INNERVATION
The efferent synaptogenesis is a critical stage in cochlear maturation in birds and mammals. It occurs right before the onset of auditory function. It is known that in chickens the fibers of the efferent system reach the cochlea after E10 while in mice, rats and hamsters this happens about birth (2, 52, (90) (91) (92) (93) (94) (95) .
In Wistar rats on P0 in the space around the IHCs and amongst the epithelial cells of the greater epithelial ridge we find numerous nerve fibers. They possess small and diverse terminal profiles containing various in size synaptic vesicles. In the area of the IHCs these putative efferent fibers are located in the space next to the tight junctions and do not form typical synapses, all the more in the IHC cytoplasm no synaptic specializations are distinguished (Fig. 1A) . Synapse-like contacts between the putative afferent and efferent profiles can be observed in the area of the inner spiral bundle. These contacts possess membrane thickenings and synaptic vesicles. Such synapse-like contacts have been described between the efferent fibers and the epithelial cell of the Kölliker's organ in mice (96) .
On P3 the efferent endings are well differentiated although the synaptic contacts display traits of immaturity. The efferent terminals are numerous and contain clear vesicles some of which are dense-cored. No synaptic contacts between the IHCs and the efferent terminals are found despite their close proximity. Occasionally, postsynaptic cisternae and thickenings are described. Between the efferent endings and the afferent fibers morphologically distinct synapses with pre-and postsynaptic thickenings are seen (Fig. 1B-D) . In the P0-P3 interval efferent fibers or synaptic contacts are not found at all near the bases of the OHCs or among the Deiters' cells.
In the time period P4-P5 the efferent contacts on the IHCs are clearly discernible and have the characteristics of maturity, i.e. osmiophilic thickenings in the pre-and postsynaptic membrane and the presence of a small postsynaptic cistern with a vacuolar size. On P4 the efferent terminals reach the base and the lateral surface of the OHCs and the first row of Deiters' cells. The efferent terminals have an irregular shape and are located among the afferent fibers, partially enveloped by the Deiters' cells. On P4 the afferent profiles are larger than the efferent ones and opposed to them synaptic bodies are found. The efferent endings contain clear synaptic vesicles and in principle they do not form synaptic contacts either with the base of the OHCs or the afferent fibers ( Fig. 2A) .
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Figure 1. Patterns of efferent innervation in the rat cochlea on postnatal days 0 to 3 (P0-P3). (A). At P0 stage, some profiles of small-caliber nerve fibers which are presumable efferents and efferent boutons (e) are observed. Please note that the latter do not make synaptic specializations. Also note the afferent terminals (a) on the basolateral surface of an inner hair cell (IHC) form symmetrical synapses (arrows) with its cell body. (B) At this stage, the cell base is contacted by a number of large afferent terminals (a) and the efferent boutons (e) make contacts (arrowheads) with them. (C) Note that the efferent endings (e) are filled with numerous small clear and a few dense-cored synaptic vesicles, and some of them form contacts with afferent fibers (arrowhead). (D) Axosomatic (arrows) and axosomatic spine (arrowhead) synapses on the IHCs are also seen at P3 stage. Scale bars = 0.5 µm in (A, D), 0.75 µm in (B) and 1 µm in (C).
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Figure 2. Pattern of efferent innervation in the rat cochlea at P4-P12 stage. (A) Spiral (a) and radial (a*) afferent fibers in somatodendritic synaptic contacts with the basal compartment of an outer cell hair (OHC) on P4. Note that the small efferent terminals (e) do not form synapses either with the OHC base or the afferent endings. (B) Somatodendritic (a) and axosomatic (e) synaptic contacts on an OHC on P7. (C) Afferent (a) and efferent (e) synapses on an OHC on P9. (D) A segment of the base of an OHC contacted by two large efferent terminals (e) and one small afferent bouton (a) at P12 stage. DC, Deiters' cell. Scale bars = 0.75 µm in (A, C), and 1 µm in (B, D).
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On P6-P7 several efferent contacts and a number of afferents are observed on the base of the IHCs. On P6 the efferent terminals are larger in size, containing more synaptic vesicles and mitochondria. They occupy most of the base of the OHCs and already outnumber the efferent endings. One subsynaptic cistern is positioned parallel to the postsynaptic membrane (Fig. 2B) .
Later in time, on P8-P10, in Wistar rats the number of efferent synapses on the base of the IHCs decreases and simultaneously the postsynaptic specializations (i.e. the cisternae) are also reduced. About P9 efferent boutons on the second and third row of the OHCs are seen. They are always found alongside the basal aspect and are usually of a large size (Fig. 2C) . After P12 the efferent endings form axodendritic synapses, although they are not seen on the cell bodies of the IHCs. Also after P12, the efferents form large terminals upon the OHCs and they occupy the synaptic surface of these cells (Fig. 2D ). During this time occasional afferent endings are noted mostly in the apical parts of the cochlea.
Very rarely in serial sections from adult rats reappearing axosomatic synapses are described (97) . These are also seen in experiments where the IHCs separate from the cochlear dendrites following excitotoxic damage (98, 99) . Such observations confirm the theory that information to the IHCs from cholinergic efferents is absolutely necessary both in establishing the definitive model during development and in repair following injury.
Direct axosomatic contacts between the medial efferent endings and the basal aspects of the hair cells do not form before the onset of auditory function although efferent fibers can be found in the area beneath the OHCs several days earlier. Typical efferent synapses with well-defined postsynaptic cisternae are not observed before the second postnatal week in mice and rats (100,101), E55 in guinea pigs (102) and the 22 nd week in the human fetus (103, 104) . In all species, the formation of medial efferent synapses with the OHCs immediately precedes or overlaps with the onset of auditory function although there exists no direct relation between the development of efferents and the trigger mechanism for auditory sensation. Reaching the maturity stage of the efferent synapses is the final event in maturation of sensory and cochlear nerve structures (105) . The immunological and tracing methods prove that the arrival of the efferent axons to cochlear structures is much earlier than hitherto believed (50, 106, 107) .
Anterograde tracing experiments with the fluorescent carbocyanine dye DiI show that the majority of the fibers initially contacting the IHCs belong to the crossed OC tract, and are probably terminals of medial OC neurons. This is contrary to the general belief that the lateral OC neurons are the first ones that form synapses in the cochlea (42) . Such a novel viewpoint is based on the ultrastructural data obtained from newborn animals demonstrating efferent synapses beneath the IHCs (108) . Studies by Simmons et al. (106) in hamsters suggest that these are various fiber types projecting to the organ of Corti at different developmental stages. Extracellular injecting with horseradish peroxidase (HRP) in the vestibulocochlear nerve displays a population of fibers without vesicles which directly terminate on the IHCs in the first three postnatal days. At later developmental stages the same technique reveals that these fibers contact both the IHCs and OHCs. With age the labeled fibers are found only on the OHCs similar to the model in adult animals. Cole and Robertson (109) report dense projections to the IHCs on P1-P2 and to the OHCs on P4-P6 after injecting DiI in sectioned crossed OC fibers in the rhomboid fossa of neonatal rats. These results verify that the crossed OC fibers wait under the IHCs for a certain period before their termination on the OHCs (Fig. 3 ). Since it is not possible to identify the synaptic specializations, it is still debatable whether the crossed OC fibers form true synapses on the IHCs or whether they only wait a few days before they reach their final targets. Our ultrastructural data demonstrate that some profiles of OC terminals contain vesicles and make direct contacts with the cell bodies of the IHCs. Probably, the crossed OC fibers form functional synapses on the IHCs, so this explains the contradictory effects of the early efferent stimulation (44) .
The occurrence of labeled terminals of the crossed OC bundle beneath the IHCs does not exclude the possibility for the presence of ipsilateral fibers. Studies show that the lateral OC neurons send projections to the cochlea simultaneously with the medial ones (49) . Using fluorescent tracer techniques it was demonstrated that the both types of OC fibers are present in the cochlea of newborn rats (53) . The notion for a waiting period is supported by data on expression changes in growth-associated and synapse-associated proteins. Results from immunohistochemical experiments are in agreement with these obtained with axonal tract tracing techniques suggesting that the first efferent axons accumulate under the IHCs and then project to the first row of OHCs (107) . Ultrastructural observations on P0 indicate that both the labeled efferent and unlabeled putative afferent contacts upon the IHCs possess features typical of immature synapses, such as few irregularly sized vesicles and some mitochondria. In rats the efferent ter-Efferent innervation of developing cochlea 
The afferent fibers are shown by hatched contour lines and the efferent ones by gray (to OHCs) and white (to IHCs) profiles. (A) At the stage of immaturity (P0) the radial afferent fibers containing numerous synaptic vesicles establish multiple contacts with the IHCs. At this initial stage, the immature OHCs are innervated only by afferent fibers (probably branches of the radial afferent or spiral fibers -type I and type II SGN innervation). (B) During the intermediate stage (P7) the efferent fibers start making typical axosomatic synapses with OHCs. (C) At the stage of maturity the efferent fibers from medial olivocochlear (MOC) neurons form axosomatic synapses with OHCs while axodendritic efferent contacts from lateral OC (LOC) neurons are formed below IHCs. SGN, spiral ganglion neuron. Modified from Bulankina and Moser (95).
minals on the IHCs decrease between P2 and P4 while efferent terminals appear beneath the OHCs. The majority though not all efferent projections reach the OHCs just prior to opening of the tunnel of Corti (106) .
The innervation of the IHCs undergoes two stages, i.e. a transitory stage of double innervation of the IHCs and OHCs, and a final stage of individual OHC innervation (Fig. 3) . The transitory stage coincides with the decrease in efferent contacts on the IHCs and the increase in efferent terminals on the first row of the OHCs (106) . The mechanisms involved during the period of synaptic rearrangement from IHCs to OHCs are still unknown. A hypothesis on the competitive principle in the behavior of the afferent and efferent terminals for the space beneath the OHCs could explain the arrival of the efferent terminals which takes place simultaneously with a decrease in the afferents. This statement suggests that the afferent axons are the platform or framework facilitating the completion of the embryonic development of the efferent axons (110) .
Unlike previous assumptions about the efferent innervation of the inner ear during development, it is now believed that the efferent axons of the medial OC neurons reach the IHCs on E12 and are the first predominantly cholinergic efferents to appear (111). Simmons et al. (5) suggest that the medial OC neurons share a common model of development similar to most motoneurons. They produce ACh before reaching their final targets of innervation and undergo notable synaptic rearrangement after making the initial contacts. The authors assume that the lateral OC neurons possess a far more selective model of development as they synthesize neurotransmitters after establishing final innervation (5). They tend to preserve their initial contacts during development.
The developmental stages of the medial cholinergic efferent fibers are as follows: 1) The medial OC neurons develop simultaneously with the facial motoneurons; 2) Similar to motoneurons they start ACh synthesis after their last mitotic division; 3) Unlike motoneurons, the guidance of efferent fibers occurs alongside the afferent axons; 4) The medial OC efferent fibers supply the IHCs during the so-called waiting period in development similar to the thalamocortical projections; 5) They exert transitory cholinergic suppression of the IHCs response; 6) The medial OC efferent fibers project predominantly to the first row of the OHCs prior to the opening of the tunnel of Corti; 7) The fibers initiate cholinergic responses from the OHCs which causes changes in the motility of the latter. All data confirm that the medial efferent system gains maturity before the onset of acoustic function (95).
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The cholinergic lateral OC neurons develop several days later than the medial ones. First, they begin their ACh synthesis after contacting the postsynaptic targets. Second, apart from ACh these neurons contain neuropeptides. Third, they do not undergo notable synaptic rearrangement at least in the basal end of the cochlea.
All these conclusions raise many issues regarding the molecular mechanisms which involve the direction of the efferent fibers, the waiting period beneath the IHCs and the synaptic rearrangement. It is believed that disclosing the mechanisms of efferent synaptogenesis and remodeling of the inner ear will also clarify the role of the cellular environment and molecular programming of the developing OC axons.
MATURATION OF EFFERENT NEUROTRANSMISSION
Efferent inhibition is facilitated by nAChR and via them Ca 2+ influx occurs activating Ca
2+
-dependent SK potassium channels (111, 112) . Due to the combined activity between the activation of the SK potassium channels and nAChR opening in the cholinergic response of the hair cells, the changes in their interactions could be a developmental indicator. The mature nAChR consists of an α9 subunit and an α10 nicotinic subunit (34) . The two nicotinic subunits, α9 and α10, are expressed in the cochlear hair cells (113) . Although the α10 subunit cannot form a functional receptor on its own, collectively the α9 and α10 subunits generate a hundred times more powerful flow than the homomeric α9 receptors. The homomeric α9 and the heteromeric α9 and α10 nAChRs possess similar pharmacological effects but different biophysical characteristics.
The transitory cholinergic innervation of the IHCs suggests that they express nAChRs. In rats and mice a transitional expression of α9 transcripts is also observed, at the time of development of the immature IHCs (83) . Also, in situ hybridization experiments demonstrate the presence of α9 mRNA on E18 and the highest expressional levels are observed close to the IHCs while on P10 these are seen near the OHCs. Such studies show that the expression of α9 mRNA keeps a longitudinal, i.e. from base to apex, and a radial, i.e. from IHCs to OHCs, gradient. The α10 subunit is also expressed during development both in the IHCs and OHCs. However, they stop expressing α10 mRNA about the onset of hearing and they continue expressing only α9 mRNA until adulthood (111). Morley and Simmons (113) find a peak in the expression of α10 messages around P1 in the IHCs and another peak on P10 in the OHCs. Although α9 expression is observed early, on E18, in the cochlea, α10 expression is not detected prior to E21. Unlike the presence of α9 mRNA, α10 mRNA is not found in the greater epithelial ridge at embryonic or neonatal age. Morley and Simmons (113) also report the loss of α10 expression in the rat IHCs on P21 although they show it in the OHCs. These findings confirm a different expressional pattern for α10 from that of α9 subunits in rats. It can be inferred from these data that the α9 and α10 subunits are differently regulated during the pre-and postnatal development. The mechanism by which the efferent axons contribute for the expression and localization of α9 and α10 nAChRs in the hair cells still remains unclear. In general, the decrease in postsynaptic receptors means a retraction of axonal branches while their increase is indicative for the appearance of new ones. Provided that the changes in the levels of α9 and α10 mRNA expression reflect synaptic plasticity, then the medial OC axons are capable of establishing alternating contacts with the hair cells.
The results of Katz et al. (114) show that on P16 the IHCs lose their functional nAChRs. This coincides with the termination of the α10 gene expression. After P16, the IHCs possess few or no axosomatic efferent synapses (115) . Due to this a causative correlation between the α10 receptor expression and the establishment of efferent innervation is suggested. Similar to other nAChRs, the cochlear α9 and α10 nAChR could be involved in the regulation of gene expression, neuronal tracing, and synapse formation and stabilization (116) . The efferent innervation of the IHCs is lost after the onset of the cochlear function on P12. Namely this is the time period when a constant transmission toward the CNS is registered. The event is marked by dramatic modifications in the expression of various ion channels such as disappearance of voltagedependent calcium and sodium channels (117) , appearance of voltage-gated potassium currents utilizing large-conductance calcium-activated potassium channels (118) . As a result, the IHCs stop generating calcium action potentials and evoke linear responses to sound stimulation.
The expression of functional cholinergic receptors and functional SK channels as well as the presence of functional axosomatic synapses also influence the ultrastructural patterns of the postsynaptic specializations. The concept of transitory cholinergic innervation is supported by pharmacological experiments which demonstrate the presence of α9 or α9 and α10 receptors in immature IHCs (112) . The application of ACh in IHCs in the apical turn of the rat cochlea results in the activation of SK calcium-dependent potassium channels. It is obvious that the synaptic current and the ACh response are facilitated by nicotinic receptors with α9 pharmacological Efferent innervation of developing cochlea pattern. The cholinergic inhibition of the IHCs most probably contributes to the maturation of these cells, and the acoustic function. Several studies report that the immature IHCs repeatedly generate slow calcium action potentials (112, 118) . Because of the generated action potentials with low frequency in the cochlear nerve during development, the cholinergic inhibition of the IHCs most probably invokes a rhythmic pattern in the auditory pathway (112, 111, 119) . The notion that the early presence of cochlear efferents is of importance for the normal maturation of the afferent response is also supported by experiments following ablation or efferent projection stimulation during the early postnatal period. In adult animals, the stimulation of efferent neurons results in suppressing the response of the cochlear nerve. Such an efferent-induced suppression is facilitated by the cross projections of the medial OC axons to the OHCs (120) . In cats, the electric stimulation of the crossed efferent fibers on P9 or at a later age suppresses the action potentials. Initially, it was believed that the axodendritic lateral efferent terminals on the IHCs were responsible for this effect but later the medial efferent terminals and their impact on the IHCs were assumed to be the causative factors. In this period the efferent terminals on the OHCs are few in number. After de-efferentation, the most notable deficit is related to fewer spontaneous action potentials in the cochlear nerve (121) . Unlike de-efferentated adult cats, neonatal de-efferentation gives effects such as changes in the cochlear nerve response with a higher threshold, decrease in the tuning precision and a lower spontaneous electrophysiological activity. These conclusions are truly valid only if the role of the OHCs is almost ignored. Despite all uncertainty the interaction between the efferent neurons and their postsynaptic targets plays a key role for the maturation of the active mechanical events in the inner ear.
CHOLINE TRANSPORTERS
The choline transporters play an important role in the ACh metabolism. In the rodent cochlea, two isoforms of the the high-affinity choline transporter (ChT1) are described: a nonglycosylated 73 kD protein and a glycosylated 45 kD protein.
They are expressed by neurons in ventral periolivary regions of the brainstem superior olivary complex where the medial OC neurons are located. In older rats, ChT1-positive terminals are detected predominantly below OHCs consistent with a medial OC innervation (122) . Between P2 and P4, ChT1-positive terminals are seen below IHCs demonstrated by the expression of GAP-43, synapsin and the vesicular acetylcholine transporter (VAChT). By P15, ChT1-immunostained terminals are mostly observed on OHCs (122) . Based on these studies, it has been proposed that the initial ChT1expression occurs below IHCs and overlaps the expression patterns of other presynaptic and cholinergic markers such as synapsins and VAChT. In addition it is believed that in the mouse, but not in the rat, ChT1 may preferentially identify medial OC neurons (122) , prior to contacting their final targets, i.e. the OHCs. This period of differentiation is now defined as a target-independent differentation period, previously termed a developmental waiting period. All these findings lead to the hypothesis that high affinity choline transport may be the final stage of cholinergic presynaptic differentiation occurring without the influence of the target (122) .
The expression level of ChT1 by lateral efferent neurons is low in contrast to the higher expression patterns of ChAT, AChE and VAChT. The fast synaptic transmission requires a high-affinity choline transporter for rapid ACh synthesis. The absence of ChT1 or its low levels in the lateral OC neurons suggest that they are not involved in cholinergic fast synaptic transmission. It can be inferred that the final stage of efferent fiber maturation is marked by temporal expression of ChT1 (26, 123) .
CONCLUSION
Recent advances in the cochlear research during postnatal development have revealed that the establishment of efferent innervation in the mammalian cochlea is characterized by transitory stages of abundant branching, elimination and remodeling of the synaptic contacts. The formation of the efferent circuitry begins at a very early stage, well before detection of morphologically distinct hair cells in the undifferentiated organ of Corti. The arrival of efferent fibers, which are axons of OC neurons, and synaptic formation are initiated and directed by growth factors and synaptophysin. At birth, axosomatic and axodendritic efferent synapses can be observed only around IHCs, whereas OHCs are devoid of efferent innervation. After a transient stage with abundant axosomatic efferent synapses on IHC, finally they are eliminated and axodendritic efferent contacts from lateral OC neurons are formed below IHCs. On the other hand, cholinergic axons from medial OC neurons make axosomatic synapses with OHCs. ACh is the primary efferent neurotransmitter of the cochlear system acting through nicotinic AChRs. The final stage of cholinergic differentiation of presynaptic efferent terminals in the inner ear is the expression of its high-affinity transporter. The onset of efferent synaptic function in hair cells requires
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an activation of calcium-dependent SK potassium channels. The maturation of efferent innervation involves subsequent refinement of neuronal circuitry during which inappropriate connections are eliminated.
